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RECENT CONCEPTS ON SKELETAL MUSCLE STRUCTURE
AND CONTRACTION
HENRY L . GREEN, M.D.,* AND W I L L I A M L . MORGAN, JR., M.D.*

Active investigation in the past decade has clarified many aspects of muscle
physiology — The kymograph and light microscope have yielded to more sensitive
measurement by x-ray diffraction and the electron microscope. With rapid advances
in physics, mathematics and thermodynamics, a greater understanding of the structure
and function of skeletal muscle has resulted.
This paper will
of the muscle fiber,
thereof. Few of the
most widely accepted

review some of the recent work describing the ultrastructure
its physical changes during contraction and the mechanism
current theories are entirely undisputed, but in general, the
ideas are presented.

STRUCTURE
OF SKELETAL
MUSCLE
In traditional histology nothing is said about fissue structure beyond what can
be observed with the light microscope.
Skeletal muscle fibers are described as
cross-striated by dark A (anisotropic) bands, alternating with light / (isotropic) hands.

a.

H

Figure 1
a. Diagram of a sarcomere of a myofibril. The darker A Band is transected by the lighter H zone
and the I Band by the Z line.
b. The filaments of a myofibril, as prepared by Huxley, are related to the bands in diagram a. The
thick myosin fibrils occupy the A band and the thinner actin fibrils extend from the Z line to end at
the H zone.
* Division of Cardiovascular Disease.
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Each of these is bisected by a contrasting stripe: the A bands by the light H zones,
and the I bands by the dark Z lines. (Figure 1 a) A good histologist can also
distinguish the finer myofibrils, running the length of the fiber.
The light microscope, however, has long been perfected to its theoretical limit.
It is impossible to build one that will have more resolving power than the best
instruments of today. I f one is to see more, he must turn to electromagnetic energy
of a shorter wave length than that of visible light. The electron microscope is one
such refinement. Under it, the striations were seen to be a property of the myofibrils
themselves. These delicate threads are aligned with such precision that the stripes
appear to be continuous across the width of the whole muscle fiber.
Nevertheless, this is gross anatomy compared to the later developments. Newer
microtechniques have permitted scientists to make sections of even the myofibrils.
This has revealed that the myofibril itself is a bundle of still finer filaments. Huxley
used a special method of embedding and cut the tissue with a glass knife.
In this way he has produced slices of muscle only 100 A° thick. This is of the
order of magnitude of a single protein molecule. His work has shown that there are
not one but two kinds of filaments in the myofibril: thick ones and thin ones, both
lying parallel to the axis of the muscle. Thick filaments occur only within the
confines of the A band. Thin ones occupy the I band and partly intrude into the
A band, but halt before the latter's central portion, leaving the lighter " H zone"
between their ends. (Figures 1 b and 2). Phase contrast microscopy and x-ray
diffraction studies have provided further evidence for this concept.
B U I L D I N G MATERIALS OF MUSCLE
Biologists have known for some time that the chief proteins in muscle are actin
and myosin. This information has gained new significance since Huxley's discovery,
for the two proteins can now be localized within the cell. I f one extracts the myosin
from a muscle, the A bands disappear, and with them the thick filaments. This and
other evidence strongly implies that the thick filaments are myosin. The A bands
owe their anisotropy to their content of myosin, which has greater ability to polarize
light than actin. The remaining thin filaments are presumed to be actin, as this is
the other major protein.
Actin and myosin are rather remarkable substances. If they are mixed together
in solution, there is a sudden rise in viscosity, indicating the formation of the
complex, actomyosin.'* Then, by manipulating the ion content of the solution, this
complex can be made to setfie out as a fiuffy cloud. However, if ATP is added, a
dense pellet forms instead, suggesting that a rudimentary contractile phenomenon
has occurred.
Threads of actomyosin can be prepared. These might be thought of as "artificial
myofibrils"; for, in the presence of ATP, they contract much like a living muscle.
The molecules of the thread are only crudely oriented by the process of preparation,
however, so it is much less efficient than a muscle or even a natural myofibril.
*Probably identical with the "myosin B" of older literature.
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Another challenging fact is that actomyosin and myosin have the ability to
catalyze the splitting of ATP, liberating its high energy phosphate bonds. Interestingly,
ATP in muscle appears to be part of the actin molecule.

Figure 2
Myofibrils cut in very thin sections and demonstrated by the electron microscope (glycerated rabbit
psoas). Their alignment has been slightly disrupted by sectioning, but the cross striations are clearly
shown, as are the Z lines and the thick and thin filaments. (From H. E. Huxley, 1957, reproduced
with permission from the Journal of Biophysical and Biochemical Cytology x60,000).

MECHANISM OF CONTRACTION
In proposing any theory, it is often wrong to apply the concepts of one order
of magnitude to another. For instance, the galaxies are not significantly affected
by the viscosity of outer space, while terrestial physics seldom need concern itself
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with Newtonian attraction between earthbound objects. Likewise, submicroscopic
bodies belong to still another realm. For molecules, "tensile strength" and "elasticity"
probably have an entirely different meaning than they do for macroscopic objects.
Another pitfall is the tendency to explain a natural phenomenon by some currently
popular mechanism.
One of the early theories was that of Weber in 1846. He postulated that a
muscle is an elastic body that can change its modulus of elasticity when stimulated.
A physicochemical change was thought to occur which caused an increase in elastic
tension, with resulting contraction. This was refuted thirty years ago, when it was
finally possible to apply the techniques of thermodynamics. A muscle allowed to
shorten and do work produces more heat than one contracting isometrically. According
to Weber's hypothesis, an isometric contraction should have transformed more of the
potential energy into heat, whereas it obviously did not.
In the last several decades, investigators have given more attention to the submicroscopic contractile units within the myofibril. So minute are they that it becomes
meaningless to classify their behavior as chemical or physical, for it is both. The
only point in common among the many theories advanced is that intermolecular
reactions must somehow be oriented so as to cause a unidirectional pull rather than
an overall shrinkage.
The Contribution of Thermodynamics: This line of investigation has proven
very fruitful in the study of muscle. To begin with, it easily solved the old riddle
of whether contraction or relaxation is the active phase of the cycle. Some had
felt that energy was required to stretch the muscle as it lengthened, and that on
stimulation it merely snapped back to a contracted resting state. It is now known
that a contracting muscle produces more heat than one which is relaxing. Furthermore,
if a muscle to which no load is attached is stimulated, it contracts and remains short.
The small effort needed to pull it back to its resting length bears no relationship to
previous or subsequent contracting force. Thus relaxation is an entirely pasive process.
It is now possible to measure temperature changes of a few millionths of a
degree occurring in several milliseconds. This has enabled such men as A. 'V. Hill
to define clearly much of the thermodynamic behavior of muscle. Hill has shown
that a muscle increases or decreases its total energy expenditure according to the
work required of it. In lifting a small load, then, the unused potential energy is not
wasted as heat. Surprisingly, the amount of heat liberated depends only on the
distance shortened, regardless of the load. The tension developed is also a function
of the speed of shortening; for the more slowly a muscle contracts, the harder it
can pull.
The Contribution of Optics: What happens to the striations during contraction?
This simple question was a highly controversial issue for a long time. To provide
an answer, it was not enough merely to eliminate artifacts in the preparation of the
fissue. It was also necessary to avoid stimulating the muscle in the process. The
interference microscope greatly simplified all this. As a result, it is now generally
accepted that the width of the A band does not change during contraction or
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relaxation, at least over the physiologic range. The shortening of a muscle fiber
is due to narrowing of the 1 bands. Concurrently, the H zone dwindles and
disappears. Somehow the contents of the I band are "absorbed" into the A band.
This important discovery suggested to Huxley that contraction is due to progressive
overlapping of the interdigitating thick and thin filaments. The actin filaments slide
deeper into the A band, between the myosin filaments, until the H zone is
obliterated. (Figure 3).

Figure 3
Sections through myofibrils in various stages of contraction. The resting myofibrils, an intermediate
stage', and the contracted myofibril' (Glycerated rabbit psoas). (From H. E. Huxley, 1957, reproduced with permission from the Journal of Biophysical and Biochemical Cytology xt00,000).

The physicist speaks of form birefringence and intrinsic birefringence. The first
is the ability of a particle to polarize light by virtue of its overall configuration: that
is, whether it is more rod-shaped or more disc-shaped (Spherical ones have no form
birefringence). Intrinsic birefringence is that due to its substructure. By suspending
the particles in fiuids of different indices of refraction, the two kinds of birefringence
can be measured separately. This of course gives information as to the shape and
substructure of the particle as a whole. Applying a similar technique to actomyosin
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threads, it was shown that the form birefringence does not change during contraction.
This is evidence that the components of the thread, and presumably those of the
myofibrils, do not change their axes. Therefore, they do not fold, as Szent-Gyorgyi
had thought, nor do they coil. The findings are more consistent with Huxley's
concept, in which the actin and myosin filaments remain parallel at all times. X-ray
diffraction studies have also strenghtened this viewpoint.
THE SOURCE OF ENERGY
Most investigators believe that ATP and perhaps creatine phosphate are the
immediate sources of energy for contraction. These unstable compounds can quickly
donate their energy to the contractile units. They are re-formed by means of slower
reactions, possibly even while the muscle is contracting.
There is a second function performed by ATP which does not involve its
breakdown. Whole ATP behaves as a lubricant or plasticizer. Without plasticity a
muscle could neither contract nor relax, any more than if it were frozen. Experimental
removal of ATP prevents a contracted muscle from relaxing. The probable cause
of rigor mortis is post mortem destruction of the ATP remaining in muscle. The
more active a muscle has been just before death, the less ATP and related compounds
remain, and the more quickly rigor mortis appears.
UTILIZATION OF ENERGY
How is energy transmitted from ATP to the myofibril? It is probable that ATP
is a part of the actin molecule, and the neighboring myosin can catalyze the
hydrolysis of ATP. This spatial limitation restricts the chemical reaction to a single
axis, giving direction to it. Also, the rate of ATP breakdown is a function of the
speed of contraction. A l l of this can be fitted to Huxley's concept of the structure
of muscle. I f one examines his photographs very closely, it is apparent that the
filaments are not simply straight lines. There seem to be small projections along
the myosin filaments at regular intervals. They are probably not artifacts, because
x-ray diffraction studies demonstrate similarly spaced interruptions in continuity.
Huxley interprets these as intermolecular bridges, or appendages, by which the
myosin filaments can "paddle" their way along the actin filaments, causing them
to overlap more and more so that the myofibril shortens. The myosin bridges are
thought to form temporary connections with active sites on the actin, pull the
filaments a short distance, and release. This cycle is repeated as long as the
muscle is shortening. Expressed less presumptuously, the bridges could be said to
vibrate; and, because the pull is unidirectional the probability of interaction with the
adjacent thin filament must be greater with a bridge on one side of its equihbrium
point than on the other. With each interaction, a phosphate group is split from
an ATP molecule, providing the energy. The heavier the load the greater the tension,
because more bridges are brought into operation. On the other hand, tension is less
at higher speeds of contraction, since the limited time permits fewer bridges to
contact the active sites and interact with them. This would account for the findings
of Hill; that is, the tension developed is a function of the speed of shortening. When
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the muscle relaxes, ATP breakdown stops and the bridges release their hold, provided
there is a surplus of unused ATP to act as a plasticizer. In the absence of excess
ATP, the myosin bridges seize on the actin, resulting in rigor mortis.
Cogent as it is, one cannot definitely say that Huxley's theory of contraction
is the most probable. Some have conceived of a set of contractile elements lying
end to end in the myofibril, capable of being reversibly transformed from long to
short forms by some chemical reaction. The overall length of the muscle would
be governed by the relative rates of the two opposite reactions (Polissar; Varga
and Szent-Gyorgyi). Pryor extended the analogy between muscles and heat engines
even to the point of describing a work cycle for muscle. He feels that certain
biochemical substances can perform the same function as heat does in an engine,
and has demonstrated this experimentally by making tendons contract and relax
under the infiuence of chemicals. Nor has the coiling filament model been discarded.
Botts and Morales feel that in resting muscle the filaments are held in extension by
electrostatic repulsion between positive ions on adjacent coils. On stimulation negative
ATP ions are made available to neutralize the charges, so coiling (and therefore
shortening) can proceed. By making other assumptions, they can also reconcile
their concept with the thermodynamic observations.
CONTROL OF CONTRACTION
Lastly, let us consider how the motor end plate communicates with the countless
infinitesimal working parts under its command. What happens from the moment
a muscle is stimulated to the time it contracts? How does it keep from contracting
all the time? There are a few partial answers. Other conditions being constant,
there is for any muscle a certain concentration of ATP that is optimal for contraction. Deviations on either side of that point reduce the probability of contraction
— so much so that a relatively small increase in ATP concentration above the optimal
level prevents it entirely. Furthermore, the optimal ATP concentration for a given
muscle is not constant but depends on a number of other variables, among which
are the concentration of ions such as magnesium.
One can extract from muscle a factor which prevents the "artificial myofibril"
from contracting when ATP is added. This relaxing factor, or Marsh-Bendall factor
appears to play a key role in the contraction-relaxation cycle. During rest, it inhibits
the breakdown of ATP by actomyosin. Perhaps it does this by binding magnesium,
which is necessary for the ATPase function of actomyosin. It is equally possible that
it renders the concentration of ATP superoptimal, either by favoring ATP synthesis
or by removing available magnesium so that the existing ATP level becomes superopfimal. Whatever the mechanism, it seems that magnesium is necessary for both
the function of relaxing factor and the ATPase activity of actomyosin. As long as
the membrane potential of the muscle fiber is high, the ion remains bound to the
Marsh-Bendall factor. When the muscle is stimulated, the resting potential is disturbed
and the magnesium is transferred to the actomyosin, enabling it to catalyze ATP
hydrolysis, with release of energy. Contraction can then proceed. At the same
time, Marsh-Bendall factor combines with calcium, and is inactivated.
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SUMMARY
1. Myofibrils consist of thick myosin filaments (A Band) and thinner actin filaments (I Band).
Cross bridges are believed to exist between these two protein filaments.
2. During contraction it is likely that the actin filaments slide between the myosin filaments.
3. Actomyosin has both contractile and ATPase functions.
4. ATP serves as a source of energy for contraction and plasticizer during relaxation.
5. In resting muscle, magnesium is joined to the Marsh-Bendall relaxing factor and actomyosin
can not function as an ATPase enzyme.
6. On stimulation of the muscle, magnesium is shifted to actomyosin and ATP is hydrolysed
with resulting contraction.
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